Abstract. We demonstrate a tunable microwave-photonic notch filter based on a variable polarization beamsplitter, a Hi-Bi coupler, and a variable time delay line. The configuration is free from the problems of optically coherent interference and chromatic dispersion. An expression for the filter transfer function is derived. Measured results match the calculated results and show a notch rejection greater than 35 dB. The notch frequency is continuously tunable by adjusting the time delay value. The scheme can operate over a wide range of optical carrier frequencies.
Introduction
All-optical processing of microwave and millimeter-wave signals provides advantages such as large time-bandwidth products, insensitivity to electromagnetic interference, and light weight. A very useful component in radio frequency ͑rf͒ systems is a high-resolution tunable notch filter. A number of photonic microwave filters have been reported in the literature. [1] [2] [3] [4] [5] In this application, it is required to achieve optically incoherent summing of two light beams. To overcome the optical coherence problem, either a laser array is used, 1 or the coherence length of the light source is kept smaller than the minimum delay time of the filter. 2 Incoherent summing has also been achieved by using a Hi-Bi fiber 3 ; however, such a filter cannot be tuned easily and needs a long Hi-Bi fiber for small free spectral range ͑FSR͒ values. A step tunable design with a tunable laser and uniform Hi-Bi gratings is reported in Ref. 4 . A continuously tunable design using a Hi-Bi chirped grating has been reported in Ref. 5 ; unfortunately, the grating causes a very large chromatic dispersion, which will affect the system performance; the operating wavelength range is also limited due to the fiber Bragg grating bandwidth; moreover, phase noise will be introduced by the crosstalk when the chirped grating is tuned.
In this paper, we demonstrate a tunable microwavephotonic filter based on a variable polarization beamsplitter ͑PBS͒, a 3 dB Hi-Bi coupler, and a variable time delay line. The configuration is free from the problems of optical coherence interference and chromatic dispersion. An expression for the filter transfer function is derived and measured results are presented to demonstrate the filter operation. A notch rejection greater than 35 dB is obtained. It is shown that the notch frequency is continuously tunable by tuning the time delay line. The scheme can operate over a wide range of optical carrier frequencies, restricted only by the bandwidth of the various optical components in the system.
System Configuration and Operation Principle
The filter configuration is shown in Fig. 1. An rf signal drives an intensity electro-optic modulator ͑EOM͒, which modulates the output of a 1550-nm distributed-feedback laser with 100-kHz linewidth. The output of the EOM, which has a Hi-Bi pigtail, is launched into a variable PBS, which also has Hi-Bi pigtails. A quarter-wave plate is inserted in port 1 of the PBS; this enables one to change the power-split ratio in the two output arms of the PBS that have orthogonal states of polarization. filter consists of two parts: one caused by the length difference between L 1 and L 2 and the other caused by the time delay ⌬ d provided by the time delay line. The transfer function of the microwave filter can be described as:
where M is the pulse amplitude factor, R is the responsivity of the photodiode, ⌬ d is the time delay introduced by the time delay line, and ␤ 1 = ͉d␤ / d͉ = 0 . As explained earlier, the time delay between the two arms of the PBS is
is the fixed time delay. Further, the notch frequencies are given by:
When one changes the value of time delay ⌬ d , the FSR varies according to Eq. ͑3͒. 
Experiment Results
is about 11,735 ps. As shown in Fig. 2 , a filter with an FSR of 0.08526 GHz and notch depths more than 35 dB is obtained. Figure 2 also includes the results calculated using Eq. ͑1͒. The calculated and measured results match very well. Moreover, the optical power monitored by the OSA that is connected to the other output port of the 3-dB coupler is very stable, which means that the operation is free from the problem of optical coherence. One of the advantages for the design shown in Fig. 1 is that it can easily give much smaller FSR values using short fiber lengths. In comparison, using a design based on Hi-Bi fiber, 3 in one of the experiments performed by us, a 490-m-long Panda Hi-Bi fiber is needed for achieving an FSR of 1.536 GHz.
Conclusion
We demonstrate a tunable microwave-photonic filter based on a variable PBS, a Hi-Bi coupler, and a variable time delay line. The configuration is free from the problems of optically coherent interference and chromatic dispersion. Measured results show a notch rejection greater than 35 dB; also, the notch frequency is continuously tunable by adjusting the time delay line. By using a time delay line with a larger tuning range of time delay values, the tuning range of the notch frequency can be extended further. The scheme can yield small FSR values without needing long Hi-Bi fiber lengths and can operate over a wide range of optical carrier frequencies.
